Abstract In our earlier investigations, we have discovered that a-amino acids dissolved in water or aqueous-organic solvents undergo spontaneous oscillatory chiral inversion and oscillatory peptidization in parallel, and the dynamics of these processes strongly depends on the chemical structure of a given amino acid, physicochemical characteristics of a solvent used, ambient temperature, etc. The aim of this study was to perform a preliminary reconnaissance on the possible impact of D 2 O on the dynamics of spontaneous behavior of the selected test aamino acids (L-Phe, L-His, L-Pro and L-Cys) stored at 25 ± 0.5°C for the period of 1 week. As the measuring techniques, turbidimetry in continuous registration mode and mass spectrometry were employed. For the sake of comparison, the analogous results were presented for the discussed a-amino acids dissolved in the aqueous organic solvents and originally published elsewhere. Based on a comparison of the turbidimetric fingerprints, the dynamics of the turbidity changes in heavy water have proved rather moderate. Mass spectrometric results provided a confirmatory evidence witnessing to rather negligible peptide yields in heavy water. Thus, turbidimetric and mass spectrometric data have served as complementary proofs of a considerable hampering of spontaneous peptidization of a-amino acids in D 2 O.
Introduction
Unlike the a-amino acid behavior in the abiotic liquid systems (which so far has raised little interest in the scientific community), spontaneous racemization of proteins in mammalian tissues and especially at the sites of L-asparaginyl and Laspartyl residues has been discussed for over four decades now [1] and the phenomenon has never stopped fascinating microbiologists, anthropologists, paleontologists, or forensic chemists (e.g., papers [2] [3] [4] ). The so-called amino acid geochronological technique (i.e., dating of the fossilized remnants of the deceased organisms based on spontaneous post-mortem racemization of the respective peptides) has been widely used in archeology and paleontology [5] . Besides, attempts have been made to suppress the spontaneous racemization of peptides by the deuteration of their functionalities, in order to stabilize the protein and peptide pharmaceuticals and the cellular proteins as well [6] .
On the other hand, one can find certain reports which suggest that heavy water considerably slows down or even hampers many physiological processes, which involve the a-amino acids-based biomolecules, maybe due to the classical kinetic isotope effect (KIE) and the H/D exchange going on in molecular structures of the compounds of interest [6] . In an earlier paper [7] , a group of authors demonstrated the effect of heavy water upon several test proteins dissolved in D 2 O, which became more rigid in this solvent and structurally more tightened than when dissolved in H 2 O. Due to a very high rate of this structure tightening effect (which considerably surpasses the H/D exchange rates), the authors decided to attribute the observed rigidness to hydrophobic destabilization of the peptide secondary structures in heavy water. An experimental comparison was also performed of the solubility of the four a-amino acids (Gly, Ala, Phe, and Pro) in H 2 O versus D 2 O, which provided quite striking results showing individual differences among the investigated compounds [8] . Perhaps it is also noteworthy to mention in the same context the earliest experiments on the impact of heavy water on living bacteria carried out as early as in the midthirties of the past century, which showed an unfavorable (yet mostly reversible) impact of the D 2 O environment on the investigated bacterium species [9] .
From our earlier studies, it comes out that a-amino acids exhibit spontaneous oscillatory chiral inversion [10, 11] and oscillatory peptidization [12] [13] [14] running in parallel when the sample is dissolved in water, an aqueous-organic, or a purely organic liquid medium, and left in a stoppered glass vessel at ambient temperature on a laboratory shelf. The molecular mechanisms of these two processes are presented in Figs. 1 and 2 upon an example of one test a-amino acid (L-Phe). In Fig. 1 , the molecular mechanism of chiral inversion is presented and the labile intermediary structures of an enolic character are marked with the black ovals to emphasize an absence of an asymmetric carbon atom as a precondition of a possible chiral inversion. The molecular mechanism of peptidization is illustrated in Fig. 2 , and Fig. 3 shows a general scheme of these two processes running in the parallel.
The registration of the detailed kinetics of the oscillatory chiral inversion and peptidization is hardly possible because such reactions are parts of a complicated network of the parallel and consecutive elementary steps (as eloquently presented Figs. 1, 2, 3) . In order to trace quantitative changes of individual reaction substrates in a continuous registration mode or in very short time intervals, efficient enough separation systems are needed, which are practically unavailable with the present state-of-the-art in chromatography, the most advanced separation technique of the organic mixtures so far. The general incompatibility between usually very high rates of the elementary reaction steps in the oscillatory processes on the one hand and not sufficiently fast registration speed of the measuring instruments on the other, results in low numbers of the oscillatory reactions discovered, even if various physiological processes running in living organisms are intuitively considered by many as in fact the oscillatory processes.
One analytical technique which makes the registration of the peptidization process possible in a continuous mode is turbidimetry. In our earlier studies, we employed turbidimetry to trace the progress of the peptidization process with a number of organicaqueous or purely aqueous solutions of single a-amino acids and the a-amino acid pairs, in which insoluble peptides were formed, making the investigated solutions turbid [15] [16] [17] . Although the oscillatory turbidity changes illustrate an overall result originating from the accumulation of a wide spectrum of insoluble peptides of different molecular weights and chain lengths, the dynamics of the turbidity patterns provides qualitative information about the kinetics of the spontaneous oscillatory phenomena involved only (which is understandable in view of the lack of standardization in turbidity units, measurement devices and calibration techniques [18] ). Our earlier investigations carried out with use of a wide spectrum of instrumental techniques (including the chiral thin-layer chromatography, TLC, the non-chiral and chiral high-performance liquid chromatography, HPLC, with the DAD, ELSD and MS detection systems, polarimetry, and the CD spectroscopy) permitted the discovery of spontaneous oscillatory chiral inversion and spontaneous oscillatory peptidization of a-amino acids in the abiotic liquid systems engaging aqueous and aqueous-organic solvents. This study is meant as a continuation of our earlier efforts and a preliminary reconnaissance of the role played by heavy water (D 2 O) in the aamino acid solutions, and more specifically, of its impact on the dynamics of the oscillatory phenomena and on the yields of the spontaneously formed peptides, using the four test a-amino acids (L-Phe, L-His, L-Pro, and L-Cys). To this effect, the turbidity changes in the D 2 O solutions of the test compounds are registered for the period of 7 days and the respective mass spectra are provided for the fresh and the aged samples. These results are compared with the analogous data obtained in an absence of heavy water and originating from our earlier studies.
Experimental Reagents
In our investigations, we used L-Phe (Merck KGaA, Darmstadt, Germany), L-His (Reanal, Budapest, Hungary), L-Pro, and L-Cys (Sigma-Aldrich, St. Luis, MO, Fig. 3 General scheme of the mechanism of chiral inversion and peptidization of a-amino acids running in the parallel USA) of analytical purity. For the turbidimetric purposes, a-amino acids were dissolved in D 2 O and in the course of 1 week, all solutions underwent the continuous turbidity measurements in the 1-min intervals. Turbidity changes of pure heavy water as a reference were scrutinized for the period of 24 h. Mass spectra were recorded for the fresh and the aged samples dissolved in D 2 O. Heavy water (D 2 O) was acquired from the Cambridge Isotopic Laboratories (Andover, MA, USA; 99.9% purity). Methanol was of the HPLC grade (Sigma-Aldrich), and water was de-ionized and double distilled in our laboratory by means of the Elix Advantage model Millipore System (Molsheim, France).
Turbidimetry
Turbidity measurements were performed for the four a-amino acids dissolved in D 2 O with use of the turbidity sensor (TRB-BTA, Vernier Software & Technology, Beaverton, OR, USA) that allowed continuous monitoring of turbidity changes. For these experiments, ca. 15-mL aliquots of the a-amino acid solutions in D 2 O were freshly prepared and placed in the instrument cells. The respective turbidity changes were registered for the period of 7 days (in the 1-min intervals) under the thermostatic conditions at 25.0 ± 0.5°C. To confirm the qualitative reproducibility of the results, the turbidity measurements were repeated twice. Moreover, the stability of turbidity measurements was controlled in the course of 24 h for pure D 2 O as the reference solvent and it has proved constant at the level of 91.85 NTU (as confirmed by an insignificant RSD value, below 0.50%).
Mass spectrometry
All mass spectra were recorded in the positive ionization mode on a Varian MS-100 mass spectrometer (positive ionization, drying gas temperature 250°C, drying gas pressure 10 psi, capillary voltage 50 V, needle voltage 5 kV) for the freshly prepared D 2 O solutions of L-Phe, L-Pro, L-His and L-Cys and also for those after the 4 weeks storage.
Results and discussion
The aim of this study is to preliminarily find out, if heavy water (D 2 O) exerts any perceivable impact on the oscillatory processes of spontaneous chiral inversion and peptidization. We refrain from speculating on the mechanism of the peptides-heavy water intermolecular interactions and we attempt to compare the patterns of turbidity changes qualitatively in the course of the 7-day samples aging in D 2 O with those originating from our earlier studies and published elsewhere. We also intend to use mass spectrometry in order to compare the m/z values and the yields of the peptides spontaneously formed in the D 2 O solutions with the analogical data valid for the aqueous-organic solutions (these latter results originate from our earlier studies). (Figs. 4b and 4c ) because their extremes are rather shallow and the trend is unequivocal. The interpretation of these mild turbidity variations can be that the spontaneous peptidization in heavy water is either fully stopped (and the observed turbidity changes fall within the scope of the experimental error), or at least considerably slowed down.
In Figs. 5a and 5b, the plot of turbidity changes is presented for L-Phe dissolved in 70% aqueous methanol and then stored for 7 days (Fig. 1a (ii) from [17] ), and that for L-Cys dissolved in 70% aqueous acetonitrile and then stored for the 4 days (Fig. 1b from [19] ). Both results of the turbidity measurements originate from our earlier studies and a detailed discussion of their characteristics has been provided elsewhere. Now it is enough to state that these two turbidity patterns are evidently more robust than their counterparts given in Figs. 4a and 4d , showing well pronounced extremities and what is most important, none of them could be approximated with a straight line. The sequential rises and falls of turbidity shown in Figs. 5a and 5b are interpreted as a dynamic formation and decay of peptides in the scrutinized solutions.
At the end, one should also address the noise that can be noted in turbidimetric plots (Figs. 4 and 5) . It seems to originate from two predominant sources, i.e., from the laser source and photomultiplier of the turbidimeter (and to a lesser extent only from the electrical current supply which was, however, largely stabilized). Nevertheless, the trend lines in each turbidimetric plot are unequivocal and easily perceived. In order to confirm our speculations on the hampering effect of heavy water on the peptidization process, the mass spectra were recorded for the freshly prepared solutions of L-Phe, L-His, L-Pro and L-Cys and for those after 4 weeks storage time. The results obtained are presented in Figs. 6a-6h . In order to properly discuss them, first we have to recall observations made in the course of our earlier studies that the mass spectra of the freshly prepared a-amino acid solutions practically always show certain amounts of peptides, which can be regarded as contaminations originating Fig. 5 Turbidity changes (in nephelometric turbidity units, NTU) for a Phe dissolved in 70% aqueous methanol [17] and b Cys dissolved in 70% aqueous acetonitrile and stored for the period of 4 days [19] . All turbidimetric measurements were carried out at 25 ± 0.5°C (Figs. 6a-6h ) in most cases shows insignificant differences only. Moreover, there is not a single case of an aged a-amino acid sample showing even a single high intensity signal in this range. Thus the differences between these two sample series can be viewed as quite negligible and hence, these results can serve as a proof of the hampering effect of heavy water on spontaneous oscillatory reactions of the investigated a-amino acids.
Mass spectrometric evidence of spontaneous peptidization with the test amino acids dissolved in the organic aqueous solvents originates from our earlier studies and it has been published elsewhere [14, [20] [21] [22] . For example, the mass spectrometric results referring to L-His dissolved in 70% aqueous methanol and aged for ca. 43 days are presented in paper [14] . [14] ). The mass spectrometric evidence of the spontaneous peptidization of L-Cys dissolved in 70% aqueous acetonitrile and stored for the period of 4 days is given in paper [20] . Among the numerous signals corresponding to the L-Cys-derived peptides, those with distinct abundances and relatively high m/z values at 2854 and 3398 were tentatively interpreted as originating from the [Cys 27 ? H 3 O] ? and [Cys 33 ? H]
? ions, respectively (Table 1 from [20] ). Mass spectrometric evidence of spontaneous peptidization of L-Pro dissolved in 70% aqueous methanol and stored for 8 days is provided in Fig. 3b from paper [21] . Among the numerous signals corresponding to the L-Pro-derived peptides, there were three mass spectrometric signals with distinctly higher abundances than the rest, which appeared at the m/z values of 263, 383, and 743. The signal at m/z 263 was tentatively interpreted as originating from the [L-Pro 3 -COOH-H]
? ion and those at m/z 383 and 743 could be attributed to the fragments of the L-Pro-derived tetrapeptide and octapeptide, respectively. However, the intense L-Pro-derived signals at the m/z values above 1000 are also observed with the L-Pro sample aged for the 8 days only, even if the spontaneous peptidization rate of this particular amino acid is not too high (e.g., signal at m/z 1549.9 can be attributed to the L-Pro 15 -or L-Pro 16 -derived cation).
The spontaneous peptidization of L-Phe was investigated in the binary L-Pro-LPhe and L-Hyp-L-Phe systems only, dissolved in 70% aqueous acetonitrile and stored for the periods of 4 and 1 month, respectively [22] . In this case, abundant yields of the homo-and heteropeptides in the m/z [ 1000 range were obtained. Some of them were recognized as the L-Phe-derived homopeptides (e.g., the signal at m/z 459.9 was attributed to the phenylalanine tripeptide [Phe 3 ] ? and that appearing at m/z 1369.58 was ascribed to the [Phe 9 ? CO]
? cation, yet most probably many more L-Phe-derived homopeptides in the m/z range of 1000/2000 were spontaneously formed in the investigated binary a-amino acid systems, although no tentative structures were ascribed to anyone of them).
A comparison of the mass spectra for the aged a-amino acid solutions in heavy water showing quite negligible accumulation of the higher peptides with the analogous solutions in the aqueous-organic solvents, showing considerable accumulation of the higher peptides in the course of ageing is a convincing enough proof of the hampering effect of heavy water on the reactions running spontaneously in the solutions considered.
Conclusion
This study provides a preliminary insight into the impact of D 2 O on spontaneous oscillatory processes with participation of a-amino acids investigated by our research group for over one decade now. Although we have an intuitive feeling that these spontaneous oscillatory processes can be essential for living organisms and even of an evolutionary importance, so far we have purposely run them in the abiotic aqueous systems, in order to avoid complications induced by the biological matrix components. We regard experimental results presented in this study as an extension of our earlier investigations and they show the hampering effect of D 2 O on the process of spontaneous oscillatory peptidization. This observation remains in agreement with the reports of different research groups on a negative impact of heavy water on living processes with different biological systems. Thus, a very cautious conclusion can be drawn that the spontaneous oscillatory peptidization of a-amino acids, as demonstrated in our earlier experiments, can play certain (and probably quite significant) role in the living processes, as intuitively understood right from the beginning of these studies.
